ABSTRACT We describe five mouse tubulin cloned cDNAs, two (Mal and Ma2) that encode a-tubulin and three (M/32, M/34, and Mfl5) that encode /3-tubulin. The sequence of these clones reveals that each represents a distinct gene product. Within the sequence common to the two a-tubulin cDNAs, the encoded amino acids are identical, though the 3' noncoding regions are wholly dissimilar. In contrast, the three /~-tubulin cDNAs show considerable carboxy-terminal heterogeneity. Two of the /3-tubulin isotypes defined by the cloned sequences are absolutely conserved between mouse and human, and all three/3-tubulin isotypes are conserved between mouse and rat. This result implies the existence of selective constraints that have maintained sequence identity after species divergence. This conclusion is reinforced by the near identity between a third mouse ~-tubulin isotype and a chicken/3-tubulin isotype.
Microtubules function in various ways in eukaryotic cells, playing a crucial role in morphogenesis, the mitotic and meiotic spindle, cilia, flagella, and axonal transport. Except for yeast (23) , all species thus far examined contain multiple genes encoding a-and/~-tubulin, the principle subunits from which microtubules polymerize, and it has been shown that more than one a-and one/~-tubulin gene can be expressed in a given cell (14, 16 ). An important question with regard to the biology of microtubules is the extent to which different tubulin gene products may influence microtubule function.
Genetic evidence in Drosophila (18, 19) and Aspergillus (24) suggests that alterations in a single tubulin gene can have wide-ranging effects on functionally different microtubules. However, the role of multiple a-and ~-tubulin genes in the diversity of microtubule function in vertebrates is uncertain.
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In humans, three expressed fl-tubulin genes have thus far been fully characterized. Although each sequence has been shown to encode a distinct B-tubulin isotype (11, 12, 21) , both practical and ethical considerations have limited the study of patterns of tissue specificity and developmental expression. To circumvent this problem, we have constructed and screened a number of mouse cDNA libraries with a view to studying both a-and fl-tubulin gene expression in this species. Five cDNA clones (two encoding a-tubulin and three encoding/3-tubulin) were isolated and shown to be transcribed from different genes by DNA sequence analysis. Here we describe the tubulin isotypes encoded by each sequence and compare them with the five known human a-and ~-tubulin isotypes. To study the expression of these mouse isotypes as a function of development, we have used non-cross-hybridizing untrans-lated region probes from each cDNA clone to measure changing RNA levels in a wide variety of tissues.
MATERIALS AND METHODS
Library Construction and Screening: Polyadenylated mRNA from the brains of 15-2 l-d-old Swiss Webster mice and from 16-d-old mouse embryos was prepared by the method of Berk and Sharp (2) . Sized doublestranded cDNA flanked by synthetic oligonucleotide linkers was pre~ from each of the two mRNA samples by methods previously described (17, 22) and ligated into the plasmid vectors pUC8 and 9. The bacterial transformation procedure used in library construction was that of Hanahan (l 5). The libraries were replicated onto nitrocellulose disks (1) , and the replicas were probed with chicken a-and ~-tubulin cDNA inserts (6), labeled with 3~p by nick translation (27) . Positively hybridizing colonies were picked and amplified, and the inserts contained in recombinant plasmids were subcloned into the replicative form of bacteriophage M I3 for sequencing by the Sanger dideoxy chain terminator method (29) . Such clones were classified by the sequence of their 3' untranslated regions, and the longest clone contained in each class was fully sequenced by the use of overlapping M 13 subclones generated by Bal 31 exonuclease digestion of the original clones (21) . For each class, an M 13 subelone containing exclusively 3' noncoding region sequences was selected and amplified, and the insert was excised by restriction digestion and purified on a 5% polyacrylamide gel.
RNA Blot Transfer Experiments:
RNA was prepared (2) from 10 different tissues dissected from mice of various ages (see legends to Figs. 3-5), as well as from several stages of whole embryo (see legend to Fig. 6 ). RNA concentrations were determined by absorbance at 260 nm, and 10-or 20-~g aliquots (see figure legends) were electrophoresed on 1% agarose gels containing 2.2 M formaldehyde (3). The RNA was transferred to nitrocellulose (31) and the blots were probed with one of seven different probes, labeled with ~2p by nick translation (27) to a specific activity of l0 s cpm//~g DNA. The seven probes were (1) the insert excised from the chicken/3-tubulin cDNA clone pT2 (6); (2) the insert excised from the chicken a-tubulin cDNA clone pTl (6); and (3-7) the insert excised from the subclones containing the 3' noncoding regions of Mal, Ma2, M~2, M/~4, and M~5, respectively, self-ligated before nick translation to increase the size of substrate in the nick translation reaction. Seven identical blots were prepared for each time course, and for the adult RNA (Figs. 3-6 ), so that no blot had to be reused. After hybridization overnight in 50% formamide, 5x standard saline citrate buffer (SSC), t 20 mM phosphate buffer, pH 6.5, lx Denhardts, at 42"C, blots were washed to a final stringency of2x SSC, 0.1% SDS at 68"C, and exposed for 6 h (probes l and 2) or 16 h (probes 3-7) with an intensifying screen.
RESULTS

Isolation of Five cDNA Clones, Each Encoding a Distinct Mouse a-or t3-Tubulin Isotype
Two cDNA libraries were constructed in plasmid pUC8 (22) using polyadenylated mRNA, one from 15-21-d-old mouse brain and a second from 18-d-old whole mouse embryos. This choice was based on the known abundance of microtubules in the developing brain, and the prospect that the complex array of differentiating cell types present in the late embryo would provide the potential for isolating cDNAs encoding isotypes that might be expressed in a tissue-specific fashion during early development. We screened ~ 104 colonies in each case, using (in separate experiments) cloned inserts excised from the chicken a-or/3-tubulin specific probes pT1 or pT2 (6) labeled with 32p by nick translation (27) . In each experiment, ~0.8% of the recombinants present in each library yielded a positive hybridization signal. 30 such clones were selected at random for further analysis. In each case, the plasmid DNA was amplified and subcloned into bacteriophage M13 for sequence analysis (20) . Examination of each sequence and, in particular, the sequence of the 3' untranslated regions showed that all the clones analyzed could be J Abbreviations used in this paper: kb, kilobases; SSC, standard saline citrate buffer (0.15 M NaCI, 0.015 M Na citrate).
classified into five groups, two encoding a-tubulin and three encoding/%tubulin.
Interspecies Conservation of a-and l~-Tubulin Isotypes
The DNA sequence of the longest member of each class of cDNA clone is shown in Figs. 1 and 2 , together with the predicted amino acid sequences. The two a-tubulin cDNA clones, Ma 1 and Ma2, are entirely homologous at the amino acid level within the region common to both clones; indeed, within 594 nucleotides of coding region, there are only eight nucleotide substitutions, in each case located in the third codon position (Fig. 1) . In contrast, the 3' untranslated regions are entirely dissimilar, with no significant homology between Mal and Ma2 throughout their length. However, there is extensive interspecies homology between the 3' untranslated regions of Mal (mouse), hal (human) (7), and pILaT1 (rat) (20) ; and between Ma2 (mouse), kal (human) (7) , and pT25 (rat) (10) .
Unlike the a-tubulins encoded by Mal and Ma2, the amino acid sequences encoded by Mr2, MB4, and M/35 (Fig.  2) show a significant degree of divergence in the carboxyterminal region. Thus, within the carboxy-terminal 15 amino acids, M~2 and M/~4 differ at seven positions, M~4 and M/~5 at five positions, and M/32 and M/35 at nine positions. The possible functional significance and the interspecies conservation of these isotype-specific differences are discussed below. As in the case of the a-tubulin-encoding clones, the sequences within the 3' untranslated regions of the three/3-tubulin cDNAs are entirely unrelated. However, in contrast to the a-tubulin 3' untranslated regions, for ~-tubulin 3' untranslated regions there is no evidence for interspecies conservation.
Regulated Expression, of Five Mouse Tubulin Isotypes
To determine the pattern of developmental expression of the five tubulin isotypes: described above, a probe containing exclusively 3' untranslated region sequences was subeloned from each tubulin-specific cDNA clone. Because each 3' untranslated region consists of non-cross-hybridizing sequences, these subelones could be used as labeled probes to uniquely detect mRNA sequences transcribed from each of the five mouse tubulin genes. We monitored the expression of each isotype in blot transfer experiments using total RNA isolated from brain, heart, kidney, lung, liver, muscle, spleen, testis, and thymus.
Overall Levels of or-and ~-Tubulin mRNAs in Adult Mouse Tissues
To determine the overall level of a-and ~-tubulin expression in mouse, a blot transfer experiment was performed in which RNA from the above tissues was detected with a coding region probe subcloned from cDNAs encoding either chicken a-or ~-tubulin. The choice of heterologous (i.e., chicken) coding region probes was made so as to encourage indiscriminate hybridization between sequences encoding different mouse isotypes and to avoid the possibility that a selected homologous (i.e., mouse) coding region probe might emphasize the expression of one particular isotype. and/3) shows the pattern of a-and/~-tubulin gene expression in various tissues of the adult mouse. The overall pattern of a-and ~-tubulin gene expression is broadly similar, in that expression is most abundant in brain and testis, and least abundant in muscle. Though only a single a-tubulin mRNA species of 1.8 kilobases (kb) is evident (Fig. 3, panel a) , three ~-tubulin mRNA species were detected (Fig. 3, panel #) : a 1.8-kb species that appears in all tissues where #-tubulin gene expression is evident; a 2.5-kb species that is unique to brain; and a 2.8-kb species that appears preponderantly in thymus, though it is also weakly detectable in other tissues.
Isotype-specific mRNAs in Adult Mouse Tissues
The pattern of individual c~-and ~-tubulin gene expression for each of the isotypes represented by the five cDNA clones was determined using RNA from the tissues of adult mice. The relative levels of the mRNAs encoded by Mal and Ma2 are shown in Fig. 3 . Both isotypes are abundantly expressed in brain. Unexpectedly, the isotype encoded by Ma I is also abundantly expressed in adult lung at a level only marginally lower than that in brain. Except for the testis, which expresses Mc~ 1 at an intermediate level, all other tissues examined show a much lower level of Ma 1 expression.
The pattern of expression of Ma2 differs from that of Ma 1 in three significant ways. First, Ma 1 is expressed only weakly in spleen and thymus, whereas the level of expression of Ma2 in these tissues is relatively high. Indeed, expression of the latter isotype is greatest in thymus, exceeding that in brain. Second, the level of M~I expression in testis is second only to that in brain and lung, whereas Ma2 is relatively weakly expressed in testis. Finally, the level of expression of Mal in heart, kidney, liver, and stomach is lower (relative to brain) than that of Ma2.
The pattern of expression of M~2 is broadly similar to that of M~I in every tissue: the mRNAs that encode each isotype are most abundant in brain and lung. The genes encoding these isotypes therefore appear to be coordinately expressed in adult tissues. In contrast, the expression of M~4 is exclusive to brain. Finally, the expression of M~35 closely resembles that of Mo~2, with preponderant mRNA levels in brain, lung, spleen, and thymus. Thus, like Mal and M~2, Mc~2 and M~5 are apparently coordinately expressed in the adult.
Developmental Changes in o~-and t3-Tubulin Isotype-specific Gene Expression
To examine changes in tubulin isotype-specific gene expression as a function of development, blot transfer experiments were repeated using RNA derived from tissues dissected from mice aged 3, 6, 10, 15, 22, and 32 d (Figs. 4 and 5) . In brain, where expression of both a-and #-tubulin mRNAs is most abundant throughout early development, the overall level declines in each case by a factor of from five to ten. In contrast, the total amounts of a-and ~-tubulin mRNAs in all the other somatic tissues examined do not change greatly as a function of age. However, in testis, the corresponding levels of both a-and ~-tubulin mRNAs increase significantly towards adulthood.
The developmental changes observed using probes specific for Mc~l and Mfl2 (Figs. 4 and 5) are broadly similar to the overall picture obtained using coding region probes, with small (though significant) differences. In both cases, expression in brain declines with increasing age, though the extent of reduction (by a factor of at least 10) is greater in Mal than in M#2, and begins somewhat earlier (around day I0). Both isotypes are expressed at a stable and broadly similar low level in heart, kidney, and stomach. Though Mal is weakly detectable in early muscle tissue, M~2 is undetectable in muscle at any developmental stage, and neither isotype is significantly expressed in adult muscle tissue. Expression of these isotypes is correspondingly weak in spleen of all ages. Whereas expression of Ma 1 is undetectable in liver, a stable level of M~2 mRNA persists in this organ throughout development. Conversely, in lung, there is a stable abundance of Ma 1 mRNA, and much less M/~2 mRNA.
Although the expression of Ma2 and M~5 in adult tissues is largely similar (Fig. 3) , the developmental time courses for each isotype in individual tissues reveal some minor differences. Both isotypes are strongly expressed in the thymus, reaching a peak at 10-16 d and declining therafter. In brain, however, expression of Ma2 remains relatively constant throughout development, whereas expression of M#5 undergoes a rapid decline from day 3 onwards, reaching less than one-tenth of the day 3 level by day 32. Both isotypes are expressed in heart, kidney, liver, lung, spleen, and stomach at a level that either is maintained or declines slightly during development; in muscle, neither isotype is detectably expressed beyond day 15. Finally, in testis, expression of both Ma2 and M/35 rises somewhat until day 22, declining thereafter. The extent of expression of the 2.8-kb M#5 mRNA parallels that of the 1.8-kb M~5 mRNA at all stages and in all tissues; however, the relative abundance of the 2.8-kb species (as compared with the 1.8-kb mRNA) is conspicuously lower in brain.
The isotype encoded by M~4 differs dramatically in its pattern of developmental expression from the four isotypes described above in two respects. First, its expression is exclusive to brain (Fig. 5); and second, its level of expression in brain increases steadily throughout development, reaching a maximum in the adult (Fig. 3) .
The experiments described above reveal several conspicuous and unexpected changes in specific a-and ~-tubulin isotype expression as a function of postnatal development. To extend these observations to prenatal developmental stages, we performed blot transfer experiments with isotype-specific probes using RNA isolated from whole developing embryos at E8, El0, El4, and El8 (Fig. 6) . The overall level ofc~-and ~-tubulin mRNAs as measured using coding region probes shows that expression increases significantly between E8 and El0, and thereafter declines. Except for that of M/~4, the expression of isotypes detected by all the gene-specific probes follows this pattern, with maximum expression at about El0.
DISCUSSION
Interspecies Conservation of Distinct Tubulin Isotypes
This paper presents cDNA sequence data that define five distinct expressed tubulin genes in the mouse. Each cDNA differs from the others somewhat within the coding regions and entirely in the 3' untranslated regions, thus defining each as representing a transcript from a distinct gene.
The a-tubulin genes represented by Ma I and Ma2 can be identified with their counterparts in human, rat, and chicken FIGURE 3 Total RNA was prepared from brain (br), heart (he), kidney (ki), liver (1i), lung (lu), muscle (mu), spleen (sp), stomach (st), testis (te), and thymus (th) of adult mice. 20-p,g aliquots of each sample were resolved on 1.0% agarose gels containing 2 M formaldehyde (3), and the gel content was transferred to nitrocellulose (30) . The resulting blots were prehybridized and hybridized with the following probes labeled with np by nick translation: ~, the cloned chicken ~-tubulin cDNA pT1 (6); /3, the cloned chicken /3-tubulin cDNA pT2 (6); at and a2, the inserts excised from the subcloned 3' noncoding regions of M~I and Ma2, respectively;/~2,/35, and ~4, the inserts excised from the subcloned 3' noncoding regions of M/~2, M/~5, and M/~4, respectively. The specific activities of the 3' noncoding region probes were adjusted to be approximately equal. FIGURE 4 Total RNA was prepared from brain (br), heart (he), kidney (ki), liver (1i), lung (lu), spleen (sp), stomach (st), and thymus (th) of mice aged 3, 6, 10, 15, 22, and 32 d. Total RNA was also prepared from muscle (mu) and testis (te) of male mice aged 10, 15, 22, and 32 d. 10-#g aliquots of each sample were resolved on 1% agarose gels containing 2 M formaldehyde, and the gel content was transferred to nitrocellulose. The resulting blots were prehybridized and hybridized with the following 32P-labeled probes: ~, the cloned chicken ~-tubulin cDNA pT1 (6); ~1 and a2, the inserts excised from the subcloned noncoding regions of M~I and M~2, respectively. FIGURE 5 RNA blot transfer experiments were performed as described in the legend to Fig. 4 , except that the following 32p_ labeled probes were used:/3, the cloned chicken ~-tubulin cDNA pT2 (6); ~2, ~5, and f14, the inserts excised from the subcloned noncoding regions of M~2, M~5, and M~4, respectively.
human, rat, and chicken have maintained significant sequence homology in these 3' noncoding regions implies that these sequences are functional, possibly playing a posttranscriptional role, and have therefore been maintained by selective pressure. Such selective constraints do not seem to extend to the other nontranslated regions of a-tubulin genes, since there is little discernible interspecies homology between, for example, the intervening sequences (13) . Interspecies conservation of 3' noncoding regions has also been observed in vimentin (26) and actin (25) genes, but not in #-tubulin genes.
In contrast to the two a-tubulin cDNAs that encode identical proteins, the three ~-tubulin cDNAs described here each encode a distinct tubulin isotype varying at ten of the carboxyterminal 15 amino acid positions. Fig. 7 compares these carboxy-terminal sequences from mouse with those of the same region from three human (21), four chicken B-tubulins (32, 33) , and three rat ~-tubulins (9) . Two of the mouse tubulins, M/34 and M/~5, are identical in amino acid sequence to two of the human tubulins, 5/3 and M40, respectively, over this region. Indeed, the interspecies structural identity of these two ~-tubulin isotypes is not restricted to the carboxy-terminal region of the protein: over the entire region covered by the sequence data (Fig. 2 ) mouse M~4 and human 5~ encode the identical protein. Similarly, mouse M~5 and human M40 share all isotype-specific amino acid changes over the region sequenced. This interspecies conservation extends also to rat ~-tubulin sequences (see Fig. 7 ). Indeed, mouse M/32 and chicken 82 have identical carboxy-terminal amino acid sequences, except for the inversion of a glycine and a glutamic
Total RNA was prepared from whole mouse embryos aged 8, 10, 14, and 18 d. Aliquots (20 ~.g) were resolved on denaturing agarose gels and blotted onto nitrocellulose, and the blots were hybridized with the probes described in the legend to Fig. 3 .
by virtue of the interspecies conservation of their 3' noncoding regions, which bear 82 and 72% homologies with the 3' noncoding regions of the human a-tubulin cDNAs ba 1 and kal, respectively (7). The fact that species as divergent as acid residue at positions 440 and 441 (compare Figs. 2 and  7) . The fact that fl-tubulin isotypes resembling those in mouse occur in vertebrate species as evolutionarily distant as chicken and human implies that the distinctive and highly acidic carboxy-terminal regions have important and specific roles to play in the diversity of vertebrate microtubule function. Individual/3-tubulin isotypes could be polymerized either exclusively or preponderantly into distinct microtubules and/or interact differently with microtubule associated proteins or organelles. In this regard, it is interesting to note that the carboxy-terminal domains of both a-and #-tubulins have been shown to modulate microtubule assembly and are thought to interact with the assembly-stimulating microtubule-associated protein MAP2 (30) . Because of the probable importance of unique tubulin isotypes in microtubule function, it is of interest to establish the patterns of expression of each isotype in a wide variety of cells and tissues; indeed, due to the conservation of these isotypes across species boundaries, information about the expression and function of these sequences in mouse can in all probability be extended to other mammals, including humans.
Developmental Regulation of Five Tubulin Genes
The non-cross-hybridizing 3' noncoding regions of the five mouse tubulin cDNAs were used as probes to study the developmental pattern of expression of the corresponding tubulin genes. Mcd and M/32 are expressed in a roughly coordinate fashion in almost all tissues studied, and most strongly in brain and lung. Similarly, Ma2 and M/35 are expressed ubiquitously, and approximately in parallel, most strongly in spleen, thymus, and immature brain (see . In contrast, M~4 is expressed exclusively in brain: its expression increases dramatically after birth, reaching a maximum in adulthood, whereas brain transcripts from the other four tubulin genes all decline in abundance to a varying extent from maximum levels reached at or before birth (see below). A/3-tubulin mRNA that increases in abundance has also been described in rat brain (4, 5) and encodes the same carboxyterminal sequence as M/34 (Fig. 7) . The existing expression data from humans (7, 13, 21) and rat (4, 5, 9) are consistent with the above inference that the five tubulin genes described here have their exact counterparts in other mammalian species.
Whether this identity can be extended to nonmammalian vertebrates is not clear. Cleveland and co-workers have extensively studied/3-tubulin gene expression in the chicken (for example, reference 16). Mouse M/32 encodes a carboxy-terminal region similar to that encoded by chicken/32 (Fig. 7) , and the two genes have a similar expression pattern in adult animals. Similarly, the expression of mouse M/35 is comparable to that of chicken [34' in adult and embryonic tissues, though data are not at present available for the comparison of isotype-identifying carboxy-terminal sequences. However, M/34 seems to have no counterpart in chicken. Many of the chicken isotypes have not been described in mammals (Fig.  7) , and, on balance, the current data suggest that avian and mammalian tubulin isotype and/or gene requirements may differ.
The c~-tubulins are all encoded by 1.8-kb mRNAs in mouse, whereas the ¢~-tubulins are encoded by mRNAs of 1.8, 2.5, and 2.8 kb. The 3' noncoding region of M/35 hybridizes to 860 THE JOURNAL OF CELL BIOLOGY • VOLUME 101, 1985 both a 1.8-and, a 2.8-kb mRNA. These two mRNA species are probably transcribed from a single gene, and differ in size as a result of two alternative polyadenylation sites, as is the case with the corresponding gene in human, M40 (11). It is curious that although the 3' untranslated regions of these two genes show no homology, they both appear to use two polyadenylation sites in the same relative position. A /3-tubulin gene yielding 1.8-and 2.8-kb mRNAs that encodes the same carboxy-terminal amino acids as M/35 has also been described in rat (9) .
The developmental changes in tubulin gene expression in testis are of interest in relationship to developmental changes in this organ. In mouse, spermatogenesis begins at around day 8, the prostate and seminiferous tubules enlarge at about day 17, and sexual maturity is reached at 7 to 10 wk (28). Overall a-and/3-tubulin mRNA levels rise throughout development, reaching an adult level as high or higher than in brain (Figs. 3-5) . However, Mal and M/32 are expressed at very low constant levels in testis, whereas Ma2 and M¢~5 mRNAs peak at puberty and then fall with the onset of sexual maturity. Thus, it seems likely that none of the five genes described in this paper plays a dominant role in spermatogenesis, and that one or more different testis-specific or testisabundant a-and/3-tubulins exist. In this context, it is noteworthy that a mouse a-tubulin mRNA expressed in spermatids has been reported (8) . In addition, a testis-abundant/3-tubulin isotype has been described in chicken (16) and a multifunctional, testis-specific a-tubulin has been characterized in Drosophila (18, 19) .
The developmental regulation of the various tubulin genes is most striking in brain (Figs. 3 and 4 ) and in whole embryo (Fig. 6) . The level of mRNA from four of the five genes, and indeed the overall level of a-and/3-tubulin mRNAs, increases greatly between days 8 and 10 of embryogenesis. At this time the mouse embryo undergoes accelerated organogenesis and nervous system cellular differentiation (28) . Because neural tissue is the richest source of microtubules, its contribution to overall embryonic levels of tubulin mRNA is likely to be dominant, and the increase seen at embryonic day 10 is therefore accounted for largely by the growth and differentiation of neural tissue. Thus, expression of Mal, Ma2, M/32, and M~5 probably peaks in brain at this time and declines thereafter in the growing embryo and throughout postnatal development. The decline in brain tubulin levels generally, and of the expression of the latter four genes particularly, may he due not only to a decrease in mitotic activity, but to decreasing axonal outgrowth.
The fact that one/3-tubulin isotype (M/34) increases postnatally as the two others decrease leads one to speculate that M/34 may be glial, since glial differentiation is mainly postnatal. Conversely, the other two/3-tubulin isotypes, M/32 and M/35, may be neuronal, since axon outgrowth is primarily an embryonic event. In situ hybridization experiments using gene-specific 3' encoding region probes on brain sections from mice of different ages will be necessary to address this point.
